Colorectal carcinoma (CRC) is a common cause of cancer-related death worldwide. Indeed, treatment failures are triggered by cancer stem cells (CSCs) that give rise to tumor repopulation upon initial remission. Thus, the role of the heat shock protein TRAP1 in stemness was investigated in CRC cell lines and human specimens, based on its involvement in colorectal carcinogenesis, through regulation of apoptosis, protein homeostasis and bioenergetics. Strikingly, co-expression between TRAP1 and stem cell markers was observed in stem cells located at the bottom of intestinal crypts and in CSCs sorted from CRC cell lines. Noteworthy, TRAP1 knockdown reduced the expression of stem cell markers and impaired colony formation, being the CSC phenotype and the anchorage-independent growth conserved in TRAP1-rich cancer cells. Consistently, the gene expression profiling of HCT116 cells showed that TRAP1 silencing results in the loss of the stem-like signature with acquisition of a more-differentiated phenotype and the downregulation of genes encoding for activating ligands and target proteins of Wnt/β-catenin pathway. Mechanistically, TRAP1 maintenance of stemness is mediated by the regulation of Wnt/β-catenin signaling, through the modulation of the expression of frizzled receptor ligands and the control of β-catenin ubiquitination/phosphorylation. Remarkably, TRAP1 is associated with higher expression of β-catenin and several Wnt/β-catenin target genes in human CRCs, thus supporting the relevance of TRAP1 regulation of β-catenin in human pathology. This study is the first demonstration that TRAP1 regulates stemness and Wnt/β-catenin pathway in CRC and provides novel landmarks in cancer biology and therapeutics.
Colorectal carcinoma (CRC) represents~10% of the global incidence of cancer, 1 being the second cause of cancer death in the United States and Europe. 2 Despite significant improvements in treatment strategies, its prognosis remains poor and the main cause of treatment failure is drug resistance. 3 Thus, novel molecular targets are needed to improve patient outcome. In such a context, main attention has been focused on the role of cancer stem cells (CSCs), a subpopulation of cancer cells with the exclusive ability to self-renew and drive tumor growth. Indeed, CSCs are organized in a cellular hierarchy with a pool of stem cells on the top of an organized system from which tumor cells originate. CSCs are the only ones with (i) selfrenewal ability, causing the initiation and the maintenance of the tumor and (ii) the capacity to reversibly differentiate into heterogeneous non-tumorigenic cancer cell types that constitute the bulk of the tumor. 4 In recent years, the CSC theory led to the notion that CSCs are resistant to apoptosis and, thus, not eradicated by current treatments and responsible for tumor recurrence. 5 Indeed, CSCs are functionally protected in a tissue stem cell niche where they are quiescent but viable, and therefore prepared to regenerate the tumor, even after long time and distant from the primary site. The stem niche is a hypoxic functional compartment, that induces a metabolic reprogramming of CSCs toward glycolysis 6 and favors the expression of genes involved in protection from apoptosis, 7 allowing them to survive in a hostile environment and escape from anticancer therapies. 7 TRAP1 is a component of the HSP90 chaperone family, with a prevalent mitochondrial localization, initially characterized for its capacity to protect against oxidative stress and favor mitochondria integrity 8 and subsequently involved in several other cellular processes critical for colorectal carcinogenesis. 9 In fact, TRAP1 (i) belongs to a pro-survival signaling pathway responsible for protection from apoptosis and drug resistance; [9] [10] [11] [12] (ii) contributes to mitochondrial bioenergetics, favoring a context-dependent reprogramming of oxidative metabolism; [13] [14] [15] (iii) controls proteostasis by a co-translational regulation of protein synthesis/ubiquitination. 11, [16] [17] [18] It is worth noting that TRAP1 is upregulated in several human malignancies and, among others, CRC and its levels correlate with a drug-resistant phenotype, 8, 10 extensive lymph node dissemination and poor patient outcome. 19 Therefore, given the complexity of the molecular mechanisms that control the biology of CSCs and the well-established role of TRAP1 in regulating the plasticity of cancer cells, 9 this study was designed to address the hypothesis that TRAP1 is involved in maintenance of stemness in CRC cells. Here, we report, for the first time, that TRAP1 regulates the CSC phenotype by modulating Wnt/β-catenin pathway.
Results
TRAP1 expression is enriched in stem cells of human colon mucosa and CRC cell lines. TRAP1 is expressed, although at low levels, in human normal colonic mucosa 10, 20 and intestinal stem cells are located in the basal portion of the crypts; 21 thus, TRAP1 and the stem cell marker CD166, widely expressed in colon stem cells, 22 were comparatively evaluated in normal colonic mucosa. Interestingly, TRAP1 is coexpressed with CD166 in cells located in the basal portion of the crypts, whereas its expression is progressively reduced from the transit-amplifying (TA) zone to the lumen ( Figure 1a ). As TRAP1 is highly expressed in human CRCs and CRC cell lines, 10 the co-expression of TRAP1 and CSC surface markers was further evaluated in human CRC cells by multidimensional flow cytometry. To this purpose, we selected a panel of surface CSC antigens, widely used for the phenotypic characterization of human colorectal CSCs, that is, CD133, CD166 and CD44. 23 Interestingly, a striking correlation was observed between the expression of all stem cell markers analyzed and TRAP1 levels in HCT116 cells (Figure 1b) . In order to analyze the expression of TRAP1 in CSCs and its co-expression with CSC markers, three subpopulations with increasing levels of CD133, CD166 or CD44 were selected and a progressive increase in TRAP1 expression was observed according to the upregulation of CSC markers, being TRAP1 expression significantly higher in CD133-, CD166-and CD44-bright cell subpopulations (Supplementary Figure S1A) . Of note, TRAP1 expression was also enriched in the CD166/CD44-double positive HCT116 cell subpopulation (Figure 1c) . A similar coexpression was observed between CD166 and TRAP1 in CRC COLO320, CaCo2 and HT29 cells (Figure 1d ) and, consistently, TRAP1 expression was significantly and constantly higher in CD166-bright cell subpopulations (Supplementary Figure S1B) .
Among different available CRC cell lines, HCT116 cells were selected for further studies, as they are characterized by a stem-like phenotype with constitutive activation of Wnt/β-catenin pathway, a key player in colon CSCs self-renewal. 24 Thus, HCT116 cells were sorted according to CD166 expression and CD166-bright and CD166-low cell subpopulations were isolated. As expected, the expression of the stem cell markers CD166 and CD44 was highly enriched in CD166-bright (right panels) compared with CD166-low (left panels) HCT116 cells (Figure 2a) . Interestingly, immunoblot analysis of sorted cell subpopulations showed higher expression of TRAP1 in CD166-bright cells (Figure 2b ). In parallel experiments, HCT116 cells were sorted according to TRAP1 expression and this resulted in two distinct cell subpopulations, that is, TRAP1-low and TRAP1-bright cells (Figure 2c ). Of note, FACS analysis showed an enrichment in CD44, CD166 and CD133 expression in TRAP1-bright HCT116 cells (Figure 2d ). These data suggest that TRAP1 is upregulated in colon CSCs, being expressed at lower level in the remaining tumor cell population.
TRAP1 modulates the clonogenic ability of colon carcinoma cells. The co-expression between TRAP1 and CD166 was further evaluated in TRAP1 stably interfered HCT116 cells in comparison with scramble cells (Figure 3a ) and in three cell subpopulations with increasing TRAP1 levels gated from both scramble and shTRAP1 HCT116 cells (Figure 3b) . Noteworthy, the downregulation of TRAP1 expression (Figure 3a , insert) resulted in lower CD166 expression in the whole cell population (Figure 3a) , and CD166 expression paralleled TRAP1 levels in selected subpopulations, being significantly higher in TRAP1-bright cells from scramble HCT116 cells (Figure 3b) . In further experiments, we questioned whether TRAP1 modulates the anchorageindependent growth of HCT116 cells. Thus, scramble and shTRAP1 HCT116 cells were compared for their clonogenic ability, and, noteworthy, TRAP1 knocking down resulted in a significant impairment in colony formation (Figure 3c) , with a 1:4 ratio in colony numbers between shTRAP1 and scramble HCT116 cells (Figure 3d ). Intriguingly, TRAP1 expression was re-evaluated in the few colonies collected from shTRAP1 HCT116 cells in comparison with colonies obtained from scramble cells and no difference was observed in TRAP1 levels ( Figure 3e ). Consistently, HCT116 cells obtained from colonies were subdivided in three cell subpopulations with increasing TRAP1 levels and, differently from originating cell lines (Figure 3b) , no difference in TRAP1 and CD166 expression was observed between scramble and shTRAP1 cells (Figure 3f) .
In subsequent experiments, we evaluated whether the upregulation of TRAP1 restores the stem cell phenotype in shTRAP1 HCT116 cells. HCT116 shTRAP1 cells were transfected with pMock or TRAP1 cDNA (Figure 4a , insert) and the co-expression between TRAP1 and CD166 was evaluated in the whole population ( Figure 4a ) and in subpopulations with increasing TRAP1 levels (Figure 4b ). Interestingly, TRAP1 transfection rescued the CD166-low phenotype in shTRAP1 HCT116 cells (Figure 4a ) and, consistently, CD166 expression was maximal in TRAP1-bright cell subpopulation obtained upon TRAP1 re-transfection (Figure 4b ). These data TRAP1 silencing results in the loss of the stem-like phenotype and the downregulation of Wnt/β-catenin pathway. As a recent study of gene expression classification of human CRCs associated HCT116 cells to the stem-like subtype, based on the constitutive activation of Wnt/β-catenin signaling, 24, 25 we questioned whether TRAP1 silencing was able to reprogram this gene signature. To address this issue we took advantage from our recently published wholegenome gene expression profiling of TRAP1-silenced HCT116 cells. 26 Thus, the concordance in the gene expression profiles between shTRAP1 HCT116 cells and the gene signatures representative of the five different CRC subtypes 24 was analyzed. Noteworthy, TRAP1 silencing resulted in loss of the stem-like phenotype, being the shTRAP1 signature discordant in 66.2% of genes compared with the stem-like signature (Supplementary Tables S1 and S2 ). Indeed, shTRAP1 HCT116 cells showed a higher degree of concordance with the more-differentiated Enterocyte subtype signature (Supplementary Tables S1 and S2) . Consistently, unsupervised analysis with Euclidean dendrogram showed higher proximity of shTRAP1 HCT116 cell to Globet-like and Enterocyte subtypes (Figure 4c) . Furthermore, the analysis of our data set showed that TRAP1 silencing induced the reversion of the expression of specific genes responsible for the stem-like signature (Figure 4d ), most of them encoding for ligands of the frizzled family receptors responsible for activation of Wnt signaling 27 or target proteins of Wnt/β-catenin pathway. 28 Thus, to investigate further the mechanism responsible for TRAP1 regulation of stemness, we focused our attention on Wnt/β-catenin pathway, which regulates colon CSCs selfrenewal. 27 In preliminary experiments, the expressions of some of these TRAP1-modulated Wnt-related genes (i.e., WNT3A, WNT16, c-JUN, c-MYC, CCND1, AXIN2, SP5, NKD1) 28 was analyzed by quantitative PCR in TRAP1-silenced HCT116 and HT29 (Figure 5a ) cells; indeed, these genes were significantly downregulated in both TRAP1-silenced CRC cell lines (Figure 5a ). The regulation of Wnt/β-catenin signaling by TRAP1 was further evaluated, by immunoblot analysis, in different CRC cell lines and the downregulation of WNT3A was confirmed in TRAP1-silenced HCT116 and Caco2 cells, as well as BIRC5 (SURVIVIN) was found downregulated in HCT116, (Figures 5b and c) . Notably, WNT3A was undetectable both at mRNA and protein levels in HT29 and COLO320 cells. As these genes encode for ligands (i.e., WNT3A and WNT16) of the frizzled family receptors 27 or Wnt/β-catenin signaling target genes (i.e., c-JUN, c-MYC, CCND1, AXIN2, SP5, NKD1), 28 all together these data support the hypothesis that TRAP1 modulates the expression of components of Wnt/β-catenin pathway, and its silencing results in attenuation of Wnt/β-catenin signaling.
HT29 and CaCo2 cells under TRAP1 silencing conditions
TRAP1 regulates β-catenin ubiquitination/phosphorylation. We further evaluated TRAP1 regulation on β-catenin, a subunit of the cadherin protein complex: β-catenin is an intracellular signal transducer in Wnt signaling pathway, being able to translocate to the nucleus and induce the transcription of several target genes. 29 The cellular level of β-catenin is mostly controlled by its phosphorylation, which drives the ubiquitination and the proteosomal degradation of the protein; whereas the activation of Wnt pathway results in increase of non-phosphorylated β-catenin active form, thus enabling its transcriptional activity. 27 Indeed, although mRNA levels of CTNNB1 (β-catenin) were unchanged in TRAP1-silenced cells (Figure 5a ), a reduced expression of the active form of β-catenin and, with less extent, of the whole protein was observed in CRC cell lines (Figures 5b and c) .
The hypothesis that TRAP1 regulates β-catenin ubiquitination/phosphorylation was further explored. Indeed, TRAP1
regulates the quality of its client proteins, 20, 26 being their expression levels higher in a TRAP1-rich background, whereas their ubiquitination increased upon disruption of TRAP1 quality-control network. 16, 17, 20, 26 This TRAP1 function is mediated by its interaction with the proteasome regulatory particle TBP7; 16 thus, in preliminary experiments we questioned whether β-catenin levels were downregulated upon TBP7 interference, as observed under TRAP1 silencing condition. Indeed, the active form of β-catenin was downregulated upon TBP7 silencing (Figure 6a ), this suggesting that its degradation is controlled by TRAP1/TBP7 network. In parallel experiments, we questioned whether the reduced protein levels of the active form of β-catenin observed in TRAP1-and TBP7-interfered cells (Figures 5b and 6a) were dependent on increased phosphorylation and ubiquitination. Thus, β-catenin was immunoprecipitated from HCT116 cells upon TRAP1 or TBP7 transient silencing and immunoblot analysis of β-catenin immunoprecipitates showed increase of its ubiquitination and phosphorylation in TRAP1-and TBP7-interfered cells (Figure 6b ). Finally, β-catenin ubiquitination/ phosphorylation levels were evaluated upon transfection of a TBP7 deletion mutant unable to bind TRAP1, which behaves as dominant negative over the TRAP1/TBP7 quality-control. 16 Consistently, the disruption of TRAP1/TBP7 network resulted in increased ubiquitination and phosphorylation of β-catenin (Figure 6c ). Altogether, these observations suggest that TRAP1/TBP7 regulation of β-catenin ubiquitination occurs concurrently with its phosphorylation and that the suppression 
of TRAP1 network results in increased β-catenin phosphorylation and ubiquitination. As only the non-phosphorylated active form of β-catenin migrates to the nucleus acting as a transcription factor, 29 we questioned whether TRAP1 regulation of β-catenin yields reduced nuclear levels. Consistently with the reduced expression of several β-catenin target genes, TRAP1 silencing resulted in lower levels of the active form and the whole protein in the nuclear fraction of HCT116 cells (Figure 6d ). Taken as a whole, these observations suggest that β-catenin is among the genes whose ubiquitination is enhanced in a TRAP1-low background, being its expression higher in condition of TRAP1 upregulation.
β-catenin interacts with TRAP1 network proteins. The hypothesis that TRAP1 and TBP7 interact with β-catenin was evaluated by co-immunoprecipitation (co-ip) experiments (Figures 7a and b) . Indeed, β-catenin immunoblot analysis of TRAP1 (Figure 7a ) and TBP7 (Figure 7b ) co-immunoprecipitates detected a 90 kDa band, immunoreactive with β-catenin antibody. In parallel experiments, confocal microscopy and in situ Proximity Ligation assay were used to establish whether TRAP1 and β-catenin colocalize and are components of an intracellular protein complex. Indeed, double immunofluorescence staining showed that β-catenin co-distributes to a great extent with TRAP1 in HCT116 cells (Figure 7c ) and direct proteinprotein interaction was observed between TRAP1 and β-catenin upon in situ Proximity ligation assay (Figure 7d ). The specificity of these interactions was confirmed upon TRAP1 or TBP7 interference in HCT116 cells: of note, a significant reduction of β-catenin co-ip was observed in parallel with TRAP1 or TBP7 downregulation (Figure 7e ).
As our data suggest that TRAP1 regulates β-catenin levels and stemness, COLO320 cells were transfected with TRAP1 and evaluated for the expression of β-catenin (Figure 8a , left panel) and stem cell markers (Figure 8a, right panel) . It is noteworthy that TRAP1 upregulation resulted in a parallel upregulation of β-catenin and CD166 and CD44 levels (Figure 8a ). These evidences suggest that TRAP1 and β-catenin are components of a multiprotein complex and that TRAP1 modulates stemness through β-catenin posttranslational regulation. 
TRAP1 is co-expressed with β-catenin and Wnt/β-catenin-related genes in human CRCs. The relevance of TRAP1 regulation of β-catenin was further evaluated in human CRCs: β-catenin protein expression was assessed in 59 CRCs characterized for TRAP1 expression and subdivided in TRAP1-positive (33 tumors) and TRAP1-negative (26 tumors; Figure 8b ). Interestingly, a statistically significant coexpression between the two proteins was observed (χ 2 -test, Po0.0001; Figure 8c and Supplementary Table S3), thus suggesting that TRAP1 quality control on β-catenin is conserved in human CRCs. In order to support further the hypothesis that TRAP1 regulation of Wnt/β-catenin signaling is relevant in vivo, we analyzed two published gene expression data sets (GSE14333, GSE13294) derived from 387 primary resected CRCs. 24 The Spearman Rank test showed a statistically significant correlation between TRAP1 mRNA levels and the expression of several Wnt/β-catenin-related genes (Figure 8d ). These data support the notion that TRAP1 control on Wnt/β-catenin signaling pathway is relevant in human colorectal carcinogenesis.
Discussion
The activation of molecular pathways responsible for protection from environmental stress and regulation of cell biogenesis in response to extracellular stimuli is crucial for the balance between self-renewal, stemness maintenance and differentiation. Intriguingly, this ability of CSCs to adapt to extracellular stressors represents the molecular basis for their intrinsic resistance to cancer therapies and, thus, for tumor repopulation upon initial response to treatments. 3 Crucial are, in this process, stem cell mitochondria that have important roles in regulating the balance between stemness, differentiation and survival, through a number of mechanisms, including the modulation of oxidative stress, apoptosis and biogenesis. 30, 31 In this perspective, the hypothesis that the mitochondrial molecular chaperone TRAP1 is involved in regulating CSC fate was tested in human CRC, based on its well-established upregulation 10 and its prognostic role 19 in this malignancy. Indeed, our data provide, to our knowledge, the first evidence that (i) TRAP1 is preferentially expressed by intestine stem cells and CSCs isolated from CRC cells, (ii) its Indeed, TRAP1 has a prevalent mitochondrial localization 8, 16 and is responsible for mitochondrial integrity and regulation of the apoptotic threshold of cancer cells, thereby, favoring drug resistance. 8, 32 This TRAP1 cytoprotective function is particularly relevant in adaptive responses of cancer cells against different stress conditions, including oxidative stress. 33 Furthermore, TRAP1 regulates organelle-compartmentalized protein folding, especially in cancer cells with high demand for mitochondrial biogenesis and energy production 34 and is relevant in the cross-talk between mitochondria and endoplasmic reticulum (ER), thus protecting from ER stress. 34 In such a context, ER-associated TRAP1 regulates proteostasis, having a co-translational quality control on selective client proteins, most of them key genes involved in cancer progression. 16, 20, 26 Finally, TRAP1 modulates cancer cell metabolism, favoring the switch from oxidative phosphorylation to aerobic glycolysis. 13, 14 Therefore, based on the knowledge that CSCs are functionally protected in a hypoxic tissue stem cell niche, 7 the above TRAP1 mitochondrial and extra-mitochondrial functions suggest that its preferential expression in CSCs may be relevant in the regulation of their plasticity, thus favoring protection from stress, protein homeostasis and Warburg metabolism. Although some of these issues deserve further investigation, they are consistent with the evidence that TRAP1 is upregulated in chemo-resistant cancer cells, 10, 11, 20 a tumor subpopulation characterized by a stem-like phenotype, self-renewal, tumor initiating capacity and resistance to apoptosis. 4 Clinically relevant is the observation that TRAP1 is coexpressed with stem cell markers and Wnt/β-catenin-related genes. Indeed, CD44 is a Wnt target gene, promoting cell proliferation 35 and its mRNA levels, together with CD133 levels, were correlated with synchronous liver metastases in human CRC. 36 CD166 is upregulated in human CRCs and its expression correlates with shortened patient survival. 37 In such a context, TRAP1 is upregulated in~60% of human CRCs 10 and its upregulation is associated with enhanced lymph node metastases and shorter overall survival. 19 ,38 Thus, the co-expression of TRAP1 and stem cell markers observed in vitro and in vivo and the gene expression profiling data, which suggest that TRAP1 silencing favors the shift from the Stem-like to the more-differentiated Enterocyte phenotype, support the hypothesis that TRAP1 is responsible for the Stemlike phenotype of CRCs, a subtype with poor prognosis. 24 Finally, our data suggest that TRAP1 maintenance of stemness is mediated by its regulation on Wnt/β-catenin pathway, and this likely occurs through the modulation of the expression of specific frizzled receptor ligands and the regulation of β-catenin ubiquitination/phosphorylation. Indeed, β-catenin is an intracellular signal transducer in Wnt signaling pathway and acts as a transcriptional factor upon translocation into the nucleus. 27 In physiological conditions, Wnt/β-catenin activity depends on the amount of β-catenin located in the cytoplasm, and in the absence of a Wnt ligand, a 'destruction complex' phosphorylates cytosolic β-catenin, which is subsequently degraded by the ubiquitin-proteasome system. 29 By contrast, Wnt/β-catenin signaling is constitutively active iñ 90% of CRCs, 27 and β-catenin is the main regulatory pathway of stemness in this malignancy. 29 It is, thus, intriguing that (i) TRAP1 interacts with β-catenin and both proteins are components of an intracellular protein complex, (ii) high levels of β-catenin are present in TRAP1-rich CRC cell lines and human CRCs, (iii) TRAP1 is co-expressed with several Wnt/β-catenin target genes in human CRCs. By contrast, β-catenin phosphorylation and ubiquitination are enhanced upon suppression of TRAP1 network, this resulting in reduced nuclear β-catenin and downregulation of a number of Wnt target genes. These observations provide the first evidence that TRAP1 network regulates Wnt/β-catenin pathway and that this regulation occurs at level of β-catenin ubiquitination and phosphorylation, a process involved in the modulation of β-catenin degradation. 29 This observation is consistent with the general view that TRAP1, together with the proteasome regulatory protein TBP7, exerts a quality-control regulation on specific client proteins. 20, 26 In such a context, the evidence that the disruption of TRAP1/TBP7 quality-control network enhances the phosphorylation and the ubiquitination of β-catenin and that β-catenin interacts with both TRAP1 and TBP7 suggests that TRAP1/TBP7 regulation of β-catenin ubiquitination/phosphorylation occurs in close association with the β-catenin degradation pathway. Intriguingly, this hypothesis provides the molecular basis to decipher the mechanism used by TRAP1 in maintenance of stemness, and further highlights the relevance of TRAP1 quality-control network in colon carcinogenesis. Indeed, we recently reported that (i) TRAP1 regulates BRAF synthesis and modulates its downstream pathway in CRC cells, 26 (ii) BRAF phosphorylates TRAP1 to enhance the apoptotic threshold of cancer 39 and (iii) TRAP1 targeting is a valuable strategy to target BRAF-driven human CRC cells. 26, 39 Taken in a whole, these observations indicate that TRAP1 upregulation is a key event in colorectal tumorigenesis and support the concept that TRAP1 inhibition deserves to be evaluated as a strategy to target CRC cells with stem cell traits.
Materials and Methods
Cell lines and constructs. CRC k-ras G13D HCT116, b-raf V600E HT29, ras and raf wild-type COLO320 and CaCo2 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Cell lines were routinely monitored in our laboratory by microscopic morphology, whereas cell line authentication was verified by STR profiling in July 2013, according to ATCC product description. HT29, CaCo2, COLO320 cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 1.5 mM glutamine and 100 U/ml penicillin and streptomycin, HCT116 cells in McCoy's medium supplemented with 10% (v/v) FBS, 0.75 mM glutamine and 10 U/ml penicillin and streptomycin. TRAP1 stably interfered HCT116 cells, TRAP1 transient silencing, full-length TRAP1 transfection and the TBP7 delection mutant, ΔTBP7-FLAG construct, were obtained as previously described. 12, [16] [17] [18] Two independent siRNAs of TRAP1 were used (Qiagen, Hilden, Germany, Cat. no. SI00115150 and no. SI00115164). Unless otherwise specified, reagents were purchased from SigmaAldrich (Saint Louis, MO, USA). Immunohistochemistry. Normal colon tissues were obtained from surgical intestinal excisions for benign pathology. Five-μm serial sections from formalin-fixed and paraffin-embedded blocks were cut and mounted on poly-L-lysine-coated glass slides. Immunohistochemical analysis was performed using a Benchmark autostainer (Ventana Medical Systems, Tucson, AZ, USA). Sections were incubated with mouse monoclonal anti-TRAP1 (sc-73604, Santa Cruz Biotechnology) and anti-CD166 (sc-74558, Santa Cruz Biotechnology) antibodies (1:750 dilution). Negative controls were performed omitting primary antibody. Sections were counterstained with type-II-Gill's haematoxylin, dehydrated with ethanol and permanently coverslipped. The sections were scanned at high magnification to assess the positivity of staining.
Confocal microscopy and proximity ligation assay. Cells were seeded on coverslips and, after 48 h, fixed with 4% (w/v) paraformaldehyde in PBS for 20 min. Cells were blocked and permeabilized with 0.4% (w/v) BSA, 0.1% (v/v) Triton X-100, 5% (v/v) FBS in PBS for 15 min at RT before staining over night with indicated primary antibodies. For colocalization experiments, the corresponding secondary Cy3/Cy5-conjugated antibodies were used, whereas for proximity ligation assay, the Duolink In Situ Red Starter Kit Mouse/Rabbit from Sigma-Aldrich (DUO92101) was used, according to the manufacturer's instructions. Image acquisition was performed by confocal laser-scanning microscopy using Zeiss 510 LSM from Carl Zeiss Microimaging (Oberkochen, Germany).
Colon carcinoma cell lines subclassification. CRC subtype signature reported by Sadanandam et al. (Supplementary Tables S1 and S2) 24 was used for this analysis. This signature, defined by a list of 758 differentially expressed genes (up, down or unchanged), produced five colorectal cancer subtypes, that is, Inflammatory, Goblet-like, Enterocyte, TA and Stem-like. The concordance between CRC subtype signatures and the previously reported expression profile of shTRAP1 TRAP1 regulates colon cancer stem cell phenotype G Lettini et al HCT 116 (ref. 26) was calculated. To this purpose, logFC of these data was used to generate a heat map with Euclidean distance and average linkage method. Furthermore, we defined a cutoff of logFC ± 0.1 to define differentially regulated genes. Genes with a logFC 40.1 or o − 0.1 were, respectively, classified as upor downregulated, whereas all other genes were classified as unchanged (Supplementary Table S1 ). Genes that agreed for being up, down or unchanged compared to CRC subtype signatures were defined as concordant genes, all the others were defined as discordant (Supplementary Table S2 ).
Tumor specimens. Specimens from 59 human CRCs and corresponding normal, non-infiltrated, peritumoral mucosa were obtained from the General Surgery Unit of the University of Foggia. Express written informed consent to use biologic specimens for investigational procedures was obtained from all patients. In order to compare levels of TRAP1 and β-catenin in different tumor specimens, protein levels were quantified by densitometric analysis using the Quantity One 4.5.0 software (BioRad Laboratories GmbH, Hercules, CA, USA) and expressed as time increase/ decrease in tumors compared with the respective peritumoral non-infiltrated mucosa (Supplementary Table S3 ). TRAP1 expression levels were regarded as being upregulated if they had increased at least threefold in comparison to the corresponding non-infiltrated peritumoral mucosa, whereas β-catenin levels were regarded as upregulated if they had increased at least twofold compared to the corresponding non-infiltrated peritumoral mucosa.
Co-expression between TRAP1 and Wnt/β-catenin target genes in human CRCs. Public data sets (GSE13294 and GSE14333) were used to analyze the co-expression between TRAP1 and selected genes responsible for the Stem-like signature or target genes of Wnt/β-catenin pathway. Data sets were preprocessed and combined using RMA method (bioconductor library; affy) as reported by Sadanandam et al. 24 (http://www.nature.com/protocolexchange/protocols/2053#/ procedure). RMA processed gene expression profile data were further analyzed to establish the co-expression with TRAP1 mRNA levels. Spearman rank-order correlation method was used to calculate correlation coefficients and P-values. Results are graphically reported as dot plots with regression lines.
Statistical analysis. Two-sided ANOVA test was used to establish statistical differences in antigen expression between CRC cell lines; two-sided paired t-test to establish statistical differences in gene expression between TRAP1-modulated and control cells; χ 2 -test to establish statistical significance of TRAP1 and β-catenin coexpression in human CRCs; Spearman rank-order correlation method to calculate correlation coefficients and P-values of TRAP1 and Wnt/β-catenin genes. Statistically significant values are reported in Figure Legends . All experiments were independently performed at least three times and three technical replicates were used for statistical analysis. Data represent mean+S.D.
